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About 100 elements of the human endogenous retroviral HERV-H family have full-length env genes potentially coding for
Env proteins with sequences highly similar to the immunosuppressive peptide CKS-17 from the MLV transmembrane protein
p15E. However, previously sequenced HERV-H env genes have contained stop codons or framehifts. To isolate elements with
open env reading frames, we first tried to assess the diversity of HERV-H env genes by comparing PCR-generated env
sequences from genomic DNA with published HERV-H sequences. A region at the beginning of env displayed a similarity of
84–98% among 15 different elements. We then used a probe from one of the PCR-generated clones, 98% similar to the
consensus sequence in this region, to screen a human genomic lambda library. Three HERV-H elements displaying ca. 98%
identity in the env gene were isolated and were shown to have integrated relatively recently, after the divergence of the
orangutan and the african great ape lineages. One of these elements, HERV-H19, had a 1752-bp open env reading frame,
producing a 77-kDa Env protein in in vitro translation reactions. This is the first demonstration of a coding competent member
of the HERV-H family. These findings raise the possibility that HERV-H Env proteins may play a biological role in human cells.
© 1999 Academic Press
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Human endogenous retroviruses (HERVs), remnants
f germ cell infections by retroviruses related to e.g.,
ouse leukemia virus (MLV) and mouse mammary tumor
irus (MMTV), constitute ca. 1% of the human genome
reviewed by Wilkinson et al., 1994). Many proviruses
ave been present in the primate genome for .30 million
ears (myr) (Shih et al., 1991), but continuous, more
ecent integrations have also occurred (Mager and Free-
an, 1995; Medstrand and Mager, 1998). The discovery
f human-specific HERV integrations suggests that this
ay still be an on-going process (Medstrand and Mager,
998).
Most of the characterized HERV elements are defec-
ive, i.e., they have deletions and stop codons in the gag,
ol, and env genes. However, elements from some HERV
amilies have long open reading frames (Cohen et al.,
985; Ono et al., 1986; Lo¨wer et al., 1993). HERV proteins
nd particles have been detected in e.g., placenta (Ven-
bles et al., 1995; Simpson et al., 1996), teratocarcinoma
ell lines (Lo¨wer et al., 1993, 1995), germ cell tumors
Sequence data from this article have been deposited with the Gen-
ank Data Libraries under Accession Nos. U88899-U88906 and
F108838-AF108843.
1 To whom reprint requests should be addressed. Fax: 46–46-189117.
a-mail: mats.lindeskog@mmb.lu.se.
441Sauter et al., 1995), and a breast cancer cell line (Faff et
l., 1992).
The significance of HERV expression is far from clear.
rimarily, gag and pol products are required for retroviral
etrotransposition (Tchenio and Heidmann, 1991). These
ay act in trans, resulting in large amplifications of
efective HERV elements in the genome (Mager and
reeman, 1995). Retroviral insertional mutagenesis of
ellular genes can have dramatic consequences, poten-
ially causing disease (Favor and Morawetz, 1992). Some
erm-line insertions have altered the normal expression
f human genes (Ting et al., 1992; Schulte et al., 1996).
he disease potential of HERV proteins include involve-
ent in autoimmune disease and cancer (reviewed by
rnovitz and Murphy, 1996). Interesting observations in-
lude a high prevalence of antibodies to HERV-K Gag
nd Env proteins in patients with germ cell tumours
Sauter et al., 1995) and the presence of a putative
ERV-K env-encoded superantigen in patients with type
diabetes (Conrad et al., 1997). Furthermore, HERV env
pen reading frames may be the origin of immunosup-
ressive antigens found in tumors detected by monoclo-
al antibodies to the MLV transmembrane (TM) protein
15E (Cianciolo, 1986).
Some authors have proposed that HERV Env proteins
ay have a normal physiological function in placenta,
articipating in the creation of the syncytiotrophoblast
nd suppressing maternal immunological rejection of the
0042-6822/99 $30.00
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442 LINDESKOG, MAGER, AND BLOMBERGoetus (Rabson et al., 1983; Venables et al., 1995; Vil-
areal, 1997) and lung, protecting against retroviral infec-
ion by receptor interference (Tamura et al., 1997).
The large HERV-H family contains ca. 100 full-length
lements, 800–900 elements with common deletions in
ol and env, and ca.1000 solitary LTRs (Mager and Free-
an, 1987; Hirose et al., 1993; Wilkinson et al., 1993).
ERV-H entered the primate genome before the diver-
ence of New World and Old World monkeys (ca. 40 myr
go), and deletion elements were amplified extensively
n the Old World lineage (Mager and Freeman 1995).
ERV-H elements are transcriptionally active in various
issues, most notably in teratocarcinoma cell lines
Wilkinson et al., 1990, 1993). The splicing pattern of
ubgenomic transcipts has been shown for both deletion
lements and full-length elements (Wilkinson et al., 1990;
indeskog and Blomberg, 1997). The presence of com-
lete HERV-H open reading frames and associated pro-
eins has not yet been shown, but a few indirect obser-
ations support their existence: HERV-H RNA is pack-
ged into retroviral particles in a teratocarcinoma cell
ine (Patience et al., 1998), suggesting that HERV-H Gag
roteins are expressed, and patients with SLE have
levated antibody levels against a synthetic peptide from
he putative HERV-H TM protein (Bengtsson et al., 1996).
The full-length HERV-H env contains a region encod-
ng an amino acid sequence highly similar to the immu-
osuppressive peptide CKS-17 of the MLV TM protein
Cianciolo et al., 1985; Hirose et al., 1993; Lindeskog et
l., 1993). However, the published HERV-H env genes
ave stop codons that preclude translation of the TM
rotein (Hirose et al., 1993). HERV-H env transcripts have
reviously been detected by us in placenta, lung, T-cell
eukemia cell lines, and normal leukocytes (Lindeskog et
l., 1993; Lindeskog and Blomberg, 1997) and by others
n testicular tumor cell lines (Hirose et al., 1993).
In this study, we assess the sequence diversity of
ERV-H env genes and report the isolation of three
elatively recently integrated HERV-H elements, contain-
ng full-length env genes similar to the HERV-H consen-
us sequence. One of these elements has an open env
eading frame, producing a 77-kDa protein in an in vitro
ranslation system.
RESULTS
CR amplification of HERV-H env sequences
To investigate the diversity of HERV-H env sequences,
e performed a PCR on human lymphocyte genomic
NA using a 59-primer (RHENL) (Table 1) from the RGH1
equence (Hirose et al., 1993) ca. 300 bp upstream of the
nv SA site (Lindeskog and Blomberg, 1997) and a 39-
rimer (TMR) from the clone I:1 sequence (Lindeskog et
l., 1993) just downstream of the immunosuppressive
eptide-like sequence (Fig. 1). The ca. 2.3-kb amplifica-ion products were cloned into a plasmid vector, and 1ight clones representing different elements were par-
ially sequenced (g10-clones). The nucleotide sequences
ere aligned with the published HERV-H sequences
GH1, RGH2 (Hirose et al., 1993), D1, D2 and D3 (Lindes-
og and Blomberg, 1997), and two unpublished HERV-H
lements in the GenBank entries AC002384 and
C002526 in the ca. 750-bp region between the env SA
ite and the sequence coding for the surface glycopro-
ein (SU) amino acid sequence motif CWLC. A dendro-
ram of the alignment is shown in Fig. 2.
The HERV-H env sequences displayed a sequence
imilarity of 84.5–97.9% in this region. The start codons
bserved at the beginning of env were the same as
ublished before (Lindeskog and Blomberg, 1997). Clone
10.34 was 97.9% similar to the D1 sequence (Lindeskog
nd Blomberg, 1997), and 98.0% similar to the consensus
f the 15 aligned sequences when excluding positions
ithout a clear consensus and CpG dinucleotides. Clone
10.34 was the only sequence having an open reading
rame in a ca. 400-bp region at the SU/TM border as well
s a sequence coding for the minimal immunosuppres-
ive peptide LQNRRGLD (Ruegg et al., 1989). Clone
10.33 was the most divergent sequence, only 90.2%
imilar to the consensus (Table 2).
The env sequences of g10.33 and g10.34 were se-
uenced entirely. g10.34 had an open reading frame
hrough all of env upstream of the PCR 39-primer (1401
p), whereas g10.33 had multiple stop codons and
rameshifts. The two clones were 80.8% identical at the
ucleotide level in the env reading frame with an over-
epresentation of mutations at the third position of the
odons (61%). A more strict treatment of this matter was
one according to the method of Shih et al. (1991) where
bserved silent and replacement mutations were com-
ared with a theoretical random distribution of silent and
eplacement mutations. The two elements differed at
TABLE 1
Oligonucleotides Used in the Experiments
HENL TCCTCAATCTTCAGGAAAGGTAGA
MR CATTTAAGAATATACAGAGTCCTCC
SUL CTCACTCTTATTCTCATTCCCATTC
SUR3 TGGCAGGTAGGCACATGTAGGT
PEL TATGAGCCTAATACATCCCTTCAT
1DEL AAGTCACCCCACCACTTAGG
LER GGTCGTAGGTGGATCTTTCTCA
0FL5 GCTCTTGGCTGTCCTGCAGAA
0FL3 CCTTGGACAGATGAGTGAACTG
8FL5 CAAGGTACAAAGGAGGTAGCCA
8FL3 CAGTAGACTTGTTCCCTGCTCT
9FL5 GTTCTGACCTGGAGATCTGAAG
9FL3 TTCTGTTTCAGCTACAACTCTGT
TML2 CCACAATATCACCCCTTACCAC
9ENVL GCGGTACCATGATCTTTGCTGGCAAGGCAC
9ENVR GGGGTACCCAGCATAATCAGGCACATCGTAAGGATAA-
GCTGAAGGGAGGTCTTGTG1.2% of the potential replacement sites and 37.2% of the
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443HERV-H env ORFotential silent sites of g10.34. This is indicative of a
elective pressure to maintain the Env protein sequence.
he same pattern of mutations were observed when
FIG. 1. Schematic view of the 39 end of a HERV-H full-length elem
nd E and the shorter E9 deletion are indicated. The splice accepto
he g10-clones is shown with the region used in the alignment as a
ith the XbaI fragment used as a probe for screening the lambda li
lements RGH1 and RGH2 (Hirose et al., 1993), D1, D2, and D3 (Linde
ntries AC002384 and AC002526, with the position of the D1DEL pro
he lambda clones.
FIG. 2. Unrooted tree of an alignment of the g10-clones and the env-c
3 (Lindeskog and Blomberg, 1997), and the unpublished sequences in the Gomparing other HERV-H env sequences with divergen-
ies higher than ca. 5% in the first 1401 bp of env (45–63%
f mutations at the third position) (Fig. 3).
e pol and env reading frames, the 39-LTR, the common deletions D
s indicated by a flag. The RHENL/TMR PCR fragment contained in
region. The HSUL/HSUR3 fragment amplified from g10.34 is shown
gray. A short part of the alignment of the g10-clones, the HERV-H
d Blomberg, 1997), and the unpublished sequences in the GenBank
ed is shown above the HPEL/HSUR1 PCR fragment amplified from
ng HERV-H elements RGH1 and RGH2 (Hirose et al., 1993), D1, D2, andent. Th
r site i
darker
brary in
skog an
be boxontaini
enBank entries AC002384 and AC002526 in a 750-bp pol–env region.
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444 LINDESKOG, MAGER, AND BLOMBERGsolation of a subfamily of env-containing HERV-H
lements
To isolate env-containing HERV-H elements similar to
lone g10.34 and the D1 element, the following strategy
as employed. A lambda phage genomic library was
creened (1.4 3 106 plaques) with a 720-bp XbaI restric-
ion fragment of the HSUL/HSUR3 PCR product from
lone g10.34 (Fig. 1), avoiding the regions of env present
n common deletion elements and in elements having a
horter common deletion in env (denoted E9 in Fig. 1).
ositive plaques (140) were further screened by PCR
sing the primer pair HPEL/HSUR1 and hybridization of
he products to the oligonucleotide probe D1DEL, span-
ing a 1 bp-deletion specific to clone g10.34 and D1 (Fig.
). The 13 remaining positive clones were purified and
igested with EcoRI and SacI. By comparing digestion
atterns and direct sequencing of the HPEL/HSUR1 PCR
roducts, it was evident that the inserts were from three
ifferent elements having the 1 bp-deletion at the D1DEL
arget site. Full-length clones were identified by hybrid-
zing restriction enzyme digests to a LTR oligonucleotide
robe (HU3R). The lambda clones 10.1, 18.1, and 19.1 were
hus picked to represent the three elements, termed
ERV-H10, HERV-H18, and HERV-H19. The schematic
estriction maps of the clones are shown in Fig. 4.
The 39 region downstream from the env SA site of the
hree elements was sequenced completely. The previ-
usly isolated PCR-generated D1 and g10.34 env frag-
ents were almost identical to the corresponding re-
TABLE 2
Summary of Sequence Analysis of Genomic HERV-H Elements
Divergence from
consensus (%)a
env reading
frameb
“Immunosuppressive
peptide”c
CR clones LQNRRGLDLL
g10.26 3.1 Stop ––––––––––
g10.29 2.4 Stop –––H––––––
g10.33 9.8 FS, stop ––––QS––––
g10.34 2.0 ORF ––––––––––
g10.35 2.6 FS, stop ––––*––./–
g10.36 2.3 ORF –––HG–––––
g10.38 3.0 Stop ––––––––––
g10.44 4.2 Stop ––––––––––
ther clones
RGH1 2.6 FS, stop –––C––––––
RGH2 2.9 Stop ––––*–––––
AC002526 4.8 FS, stop –––––––H––
AC002384 9.5 FS, stop P––H––––––
Z97183 — FS, stop –––H––––––
a In the same pol/env border region as in Fig. 2. Z97183 lacks part of
his region.
b In the first 185 bp of env and a 392-bp region coding for the SU/TM
order region of Env.
c Translation of the putitive immunosuppressive region of env.
rameshifts are indicated by a slash and stop codons by an asterisk (*).ions in HERV-H10 and HERV-H19, respectively (0.1 and H.2% nucleotide difference). The env regions of the three
lements were 97.6–97.8% identical. The published se-
uence most similar to the three elements, RGH1 (Hirose
t al., 1993), was 95.7–95.9% identical to the three ele-
ents in the same region. HERV-H19 had an open read-
ng frame throughout the whole of env (1752 bp), encod-
ng a putative 584 aa Env protein. The HERV-H10 env had
wo stop codons and one frameshift, whereas the HERV-
18 env had one stop codon. The translated env genes
f the three new elements, RGH1 and RGH2 (Hirose et
l., 1993) and the HERV-H elements in the unpublished
enBank entries AC002384, AC002526, and Z97183 and
he available env sequence of g10.33 were aligned (Fig.
).
The restriction maps of the clones suggested that the
hree elements differed in length. Part of the pol gene
nd the leader region upstream of gag was sequenced in
he three elements. This showed that whereas HERV-
19 had a full-length pol, HERV-H10 and HERV-H18 had
he common A, B, and C deletions in pol, and HERV-H18
ad a further 601-bp deletion in pol (Fig. 4). HERV-H19
ad at least one stop codon in pol. The difference in
tructure was reflected in a much smaller nucleotide
imilarity (ca. 85%) between HERV-H19 and the two other
lements between a position in the protease-encoding
egion and a position ca. 450 bp upstream of the env SA
ite (indicated in Fig. 4). Both upstream and downstream
f this pol region, the nucleotide similarity between
ERV-H19 and the two other elements was 96–98%. In
ERV-H10 and HERV-H18, the pol region was most sim-
lar to a common deletion element found in the GenBank
ntry AC003009 (ca. 97%) but only ca. 85% similar to
ull-length HERV-H elements (such as RGH1 and the
lement in the GenBank entry AC000064). In HERV-H19,
FIG. 3. Distribution of mutations at different codon positions in 1401
p of the env reading frame plotted against nucleotide divergence in
airwise alignments of RGH1, RGH2 (Hirose et al., 1993), the unpub-
ished sequences in the GenBank entries AC002384, AC002526, and
97183, clone 10.33, and the elements HERV-H10, HERV-H18, and
ERV-H19.
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445HERV-H env ORFhe pol region was ca. 95% similar to full-length HERV-H
lements but only ca. 85% similar to AC003009. Up-
tream of the pol region, all three elements were ca. 97%
imilar to AC003009 but only ca. 90% similar to full-length
lements.
he subfamily is present only in the african great
pes
To determine the time of integration of the three ele-
ents, the LTRs and flanking regions were sequenced.
he LTRs were of Type I (Mager, 1989) and had an
nusual 31-bp duplication present also in AC003009. The
ollowing intraelement LTR divergencies were observed:
ERV-H10: 2.7%; HERV-H18: 2.6%; and HERV-H19: 4.1%.
he flanking sequences contained a few repetitive se-
uences: an Alu element 390 bp downstream of the
ERV-H10 element and a HuERS-P2 (Harada et al., 1987)
TR 31 bp downstream of the HERV-H18 element.
Genomic DNA from the hominoids Pan troglodytes
chimpanzee), Gorilla gorilla (gorilla), Pongo pygmaeus
orangutan), Hylobates lar (gibbon), and the Old World
onkeys Macaca nigra (macaque) and Mandrillus
phinx (mandrill) were analyzed for the presence of the
hree elements using PCR with the flanking primer pairs
0FL5/10FL3, 18FL5/18FL3, and 19FL5/19FL3 and the 59
lanking primers 10FL5, 18FL5, and 19FL5 in combination
ith a 39-primer from the leader region, HLER (Table 3).
FIG. 4. Structure of the three HERV-H elements with the restriction site
–E are indicated below. The putative recombination breakpoints are
eletion element and the region downstream by a full-length element.n element was considered ‘‘full length’’ when amplifica- cion products of the expected length were obtained with
he 59 flanking primer and HLER. The elements were
resent in the gorilla and chimpanzee, but not in the
rangutan, gibbon or the Old World monkeys. In the
orilla, the HERV-H19 element was present only as a
olitary LTR.
The values of the time of integration calculated from
he LTR divergencies of the three elements, using a
eutral mutation rate of 0.12% per myr (Gibbons, 1995),
1–17 myr, is thus in accord with an integration time
etween the divergence of the orangutan from the afri-
an great ape lineage (12–17 myr) and the split of the
orilla from the chimpanzee/human lineage (8–11 myr)
Sibley and Ahlquist, 1987).
ranscription of the subfamily in human cell lines
To assess the transcriptional activity of the three
ERV-H elements, the teratocarcinoma cell lines
era-1 and NTera2D1, the T-cell leukemia cell line H9,
nd leukocytes from two healthy blood donors were
ssayed for readthrough transcripts by RT–PCR with
n env 59-primer (HTML2) and 39 flanking primers for
he three elements (10FL3, 18FL3, and 19FL3, respec-
ively). Amplification products of the expected sizes
ere observed in the two teratocarcinoma cell lines
rom HERV-H10 and HERV-H18 but not HERV-H19 tran-
cripts. HERV-18 transcripts were also observed in H9
amHI (B), EcoRI (E), and SacI (S). The position of the common deletions
ted with an X, the point where the region upstream is donated by a
lice acceptor site is indicated by a flag.s for B
indicaells (not shown).
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446 LINDESKOG, MAGER, AND BLOMBERGn vitro expression of the HERV-H19 Env protein
The HERV-H19 env gene was amplified by PCR and
loned into a plasmid vector containing the T7 promoter
nd a poly-A signal. A hemagglutinin (HA) tag was intro-
FIG. 5. Alignment of the putative env translation products of the lambd
GH2 elements (Hirose et al., 1993), three unpublished elements found
f the PCR clone g10.33. The potential N-linked glycosylation sites in the
odons by an asterisk (*).uced at the C terminus of the open reading frame. A aabbit reticulocyte in vitro coupled transcription/transla-
ion system was used with and without the addition of
anine microsomal membranes (Fig. 6). The expected
nprocessed 66-kDa protein (including the 2-kDa HA tag
es HERV-H10, HERV-H18, and HERV-H19 with the published RGH1 and
GenBank entries AC002384, AC002526, and Z97183, and the env part
-H19 Env are underlined. Frameshifts are indicated by a slash and stopa clon
in the
HERVnd vector residues) was produced without the microso-
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447HERV-H env ORFal membranes, whereas the addition of these pro-
uced a fuzzy double band at 78–80 kDa, probably re-
ulting from the glycosylation of all or some of the 10
utative N-linked glycosylation sites. The cleavage of the
nv protein into the SU and TM proteins was not ob-
erved, but the 78- to 80-kDa double band possibly
esulted from the cleavage of the N-terminal signal pep-
ide. The in vitro translation products were also detected
n immunoblots with an anti-HA monoclonal antibody
not shown).
DISCUSSION
In this study, we assess the diversity of HERV-H env
equences and report the isolation of three members of
relatively recently integrated HERV-H subfamily with
ull-length env genes. One of these had a complete open
nv reading frame in contrast to all other isolated
ERV-H env sequences up to this date.
Full-length HERV-H env genes displayed divergence val-
es #20%. More divergent HERV-H elements have been
ound in GenBank, but none of them contained full-length
nv genes (unpublished observations). The distribution of
ucleotide differences in the env reading frame among
ERV-H elements suggested a selective pressure to main-
ain the amino acid sequence intact, but because most
ERV-H env genes are now defective, the selection was
robably for viral infectivity rather than a conservation of
nv proteins benefiting the host. This situation may reflect
eparate infections of different strains of the exogenous
ERV-H progenitor or, possibly, that infection of germ cells
s important in secondary expansion of HERVs. In inbred
ice, new germ-line integrations of endogenous MLV re-
ult mainly from infection of the egg or early embryo (Jen-
ins and Copeland, 1985), but intracellular transposition of
LV may also be common (Tchenio and Heidmann, 1992).
n the latter case, the env genes would be redundant in
econdary expansions. The fact that deletions of part of or
hole of env are quite common in HERVs seems to favour
his scenario.
TABLE 3
Summary of PCR Analysis of HERV-H10, -18, and -19 in Primatesa
HERV-H10 HERV-H18 HERV-H19
omo sapiens F F F
an troglodytes F F F
orilla gorilla F F S
ongo pygmaeus — — —
ylobates lar — — —
acaca nigra ? — —
andrillus sphinx ? — —
a F, full-length element; S, solitary LTR; —, no element; ?, no ampli-
ication.The presence of open env reading frames does not aecessarily imply a positive selection at the host level.
he intact env genes within the HERV-K family (Mayer et
l., 1998) may be the remnants of a relatively recent
nfection of the germ line (Medstrand and Mager, 1998).
n contrast to this, it is not likely that the env open
eading frame of the single copy element ERV3 would
ave been retained since the time of integration .30 myr
go (Shih et al., 1991) if not for selective pressure at the
ost level. The ERV3 Env protein is expressed abun-
antly in placenta, and this has led to the proposal that
t has a normal function in this tissue (Venables et al.,
995). The recent finding that ;1% of the Caucasian
opulation is homozygous for a defective allele of the
RV3 env gene without having reproductive defects has
dded some doubts to this hypothesis (de Parseval and
eidmann, 1998). However, the possibility that Env pro-
eins play a role in the placenta cannot be ruled out
ecause an unknown number of similar HERV Env pro-
eins appear to exist in placenta (Kitamura et al., 1994),
ossibly complementing the ERV3 Env protein.
The two major expansions of the HERV-H family in Old
orld primates have involved the common deletion form,
hich has large deletions in pol and env (Mager and
reeman, 1995). The more recent of these expansions
ccurred after the orangutan/african great ape split, in-
olving elements with Type Ia LTRs (Goodchild et al.,
993). The elements of the new subfamily described in
his study, although having Type I LTRs, must have inte-
rated at roughly the same time as the Type Ia expansion
ecause they are also specific for the african great apes.
FIG. 6. Autoradiogram of 1 ml of in vitro translation products sepa-
ated on a 10% SDS–PAGE gel. The 50-ml reactions contained, from left
o right, 1 mg of HERVH-19 env containing plasmid, alone or with 1.5 or
.5 ml of canine microsomal membranes, control reactions without
lasmid, without or with 2.5 ml of microsomal membranes and 1 mg of
luciferase control plasmid.
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448 LINDESKOG, MAGER, AND BLOMBERGhe new subfamily, however, is exceptional in that the
embers contain full-length env genes. The structure
nd sequence homologies of these elements suggest
hat they are recombinants between a common deletion
lement and a full-length element, donating env in HERV-
10 and HERV-H18 and pol and env in HERV-H19. Re-
ombination, or possibly gene conversion, must have
ccurred at two separate occasions. The donor of the pol
nd env regions in HERV-H19 remains to be isolated. The
xpansion of deletion elements requires a supply in
rans of Pol and Gag proteins from elements with open
eading frames. The presence of open env genes in
ecently integrated elements suggests that they may be
he remnants of the latest infection of an exogenous
ERV-H virus (the donor of pol and env in HERV-H19).
his infection may have triggered the large expansion of
ype Ia LTR elements by providing the necessary pro-
eins for retrotransposition.
Sequence similarities between the immunosuppres-
ive peptide CKS-17 in the MLV transmembrane p15E
rotein and putative translation products of HERV env
enes and the presence in human tumors of immuno-
uppressive proteins cross-reacting with monoclonal an-
ibodies to MLV p15E have suggested a role of HERV Env
roteins in immunosuppression in malignant tissue
Cianciolo et al., 1985; Cianciolo, 1986). As shown in this
tudy, HERV-H env open reading frames coding for an
nv protein containing the minimal immunosuppressive
eptide within the CKS-17 peptide, LQNRRGLD (Ruegg et
l., 1989), are indeed present in the human genome. The
orresponding peptide in the ERV3 Env protein is differ-
nt and has so far been negative in tests for immuno-
uppression (Kleinerman et al., 1987; Nelson et al., 1989).
We have not yet been able to detect HERV-H19 tran-
cription in cell types known to display high levels of
ERV-H transcripts. However, the method of detecting
ead-through transcripts, although ideal for distinguish-
ng between the ;100 env-containing HERV-H elements,
ay not detect low levels of transcription and may be
ampered if the polyadenylation signal in the 39 LTR is
trong. An independent method must therefore be used
o definitively determine the transcriptional status of this
articular element. The potential of the HERV-H19 env to
xpress an Env protein was demonstrated by in vitro
ranslation. The protein was processed in the presence
f microsomal membranes, probably by glycosylation,
ut not proteolytically cleaved at the SU/TM border, anal-
gous to the case of HERV-K and ERV3 Env proteins
Venables et al., 1995; To¨njes et al., 1997).
We will continue to search for other HERV-H elements
ith open env reading frames. We are also in the pro-
ess of producing antisera and testing the HERV-H19
nv protein in functional assays to help determine the
iological significance of this or related HERV Env pro-
eins in human cells. This should lead to an increased
nderstanding of a possible involvement of HERV-de- Pived immunosuppressive proteins in human cancer and
utoimmune diseases.
MATERIALS AND METHODS
ells, DNAs, and RNAs
The origin and preparation of the human and primate
NAs was described by Lindeskog et al. (1998). The
uman teratocarcinoma cell line Tera-1 (ATCC HTB-105)
as cultured in McCoy’s 5a medium with 15% fetal bo-
ine serum. Culture conditions for another human terato-
arcinoma cell line, Ntera2D1, were described by Wilkin-
on et al. (1990). Total RNA from Tera-1 was prepared
ith Trizol (Gibco BRL). RNA from NTera2D1, the human
-cell leukemia cell line H9, and PBMCs was prepared
sing standard guanidinium thiocyanate lysis-CsCl cen-
rifugation techniques (Wilkinson et al., 1990; Lindeskog
t al., 1998). Total RNA was always treated with RNase-
ree DNase (Promega).
CR and library screening
Reverse transcription of RNA (1 mg) and PCR on cDNA
nd genomic DNA (0.25–1 mg) was done essentially as
escribed by Lindeskog et al. (1993), using 50 ng of each
rimer and 1 U of Taq DNA polymerase (Perkin–Elmer
etus) in a 50 ml reaction volume on a DNA Thermal
ycler (Perkin–Elmer Cetus). The oligonucleotides
SUR1 and HU3R were described before (Lindeskog
nd Blomberg, 1997).
The primer pair RHENL/TMR was used to amplify env
equences from human genomic DNA at 95°C for 6 min
ollowed by 35 cycles of 95°C for 1 min, 55°C for 30 s,
nd 72°C for 4 min and a final 7 min at 72°C. PCR-
roducts were cloned into a plasmid vector by using the
T7 Blue T-Vector Kit (Novagen).
A human genomic library (Goodchild et al., 1995) con-
aining 15–20 kb partially digested Sau3A fragments in
GEM-12 (Promega) was lifted onto Hybond N1 mem-
ranes (Amersham). The membranes were hybridized to
[a-32P] dCTP-labeled XbaI fragment of the HSUL1/
SUR3 PCR product from clone g10.34 as described
efore (Ausubel et al., 1987), using 0.25 ng (0.2 mCi) of
robe per milliliter at 65°C. Final washes were done in
.13 SSPE/0.1% SDS at 65°C for 30 min.
Southern blotting of PCR products or lambda DNA
estriction enzyme digests was done on Hybond N1
embranes (Amersham). Hybridization to [g-32P] ATP-
abeled oligonucleotide probes was done at 55°C using
.5 pmol (1 mCi) of probe per milliliter. Final washes were
one in 2.53 SSPE/0.1% SDS at 55°C (lambda digests) or
5°C (PCR products) for 25 min.
Lambda clones were subcloned into plasmid vectors.
xpression cloning
The HERV-H19 env gene was amplified with 2.5 U of
fu Polymerase (Stratagene), using 350 pg of lambda
c
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449HERV-H env ORFlone 19.1 DNA and 140 ng and 250 ng of the primers
9envL and 19envR, respectively, in a 50 ml reaction
olume at 95°C for 2 min followed by 30 cycles of 95°C
or 45 s, 60°C for 30 s, and 72°C for 4 min and a final 10
in at 72°C. 19envR contained the in-frame coding se-
uence for the HA epitope YPYDVPDYA. The PCR prod-
ct was cloned into the plasmid vector pcDNA3 (Invitro-
en). The absence of PCR artifacts was confirmed by
equencing the insert.
The HERV-H19 env construct was translated in vitro
sing the TNT T7 Coupled Reticulocyte Lysate System
Promega) with L-[35S]methionine (Amersham), with or
ithout Canine Pancreatic Microsomal Membranes (Pro-
ega) and analyzed on 10% SDS–PAGE mini-gels, ac-
ording to the instructions of the manufacturer.
In immunoblots, lysates separated on SDS–PAGE
ere electroblotted to PVDF-PLUS membranes (MSI,
estborough, MA). Protocols of blocking procedures and
olutions were kindly provided by Dr. Marcel Rucheton,
rstom Laboratoreis, Montpellier, France. Membranes
ere incubated at 4°C for 15 h with a HA monoclonal
ntibody diluted 1/1000 (BAbCO, Berkley, CA) and then
or 2 h at 22°C with a HRP-conjugated goat anti-mouse
ntiserum diluted 1/1000 (DAKO, Glostrup, Denmark).
equence analysis
Plasmid clones were sequenced with vector primers
r internal primers either by using the Sequenase kit,
ersion 2.0 (USB), and separating the sequencing reac-
ion products on 6% denaturing polyacrylamide gels or
y using the ABI PRISM Dye Terminator Cycle Sequenc-
ng Ready Reaction Kit (Perkin–Elmer Cetus) and an ABI
RISM 310 Genetic Analyzer (Perkin–Elmer Cetus). Com-
uter sequence analyses were done with the PCGENE
rograms (Intelligenetics). The trees were constructed
y using the NEIGHBOR and DRAWTREE programs from
he PHYLIP package, kindly provided by Dr. J. Felsen-
tein, Dept. of Genetics, Seattle, WA.
ACKNOWLEDGMENTS
We thank Per Aleljung, Ingrid Nilsson, and Doug Freeman for tech-
ical assistance and Patrik Medstrand, Marie-Louise Andersson, and
engt Widegren for helpul discussions. This work was supported by
he European Commission, project GENE-CT930019, funds at the Med-
cal Faculty of Lund, the Royal Physiographic Foundation, Lund, and the
¨ sterlund Foundation, Malmo¨. Work in the laboratory of D.M. was
upported by a grant from the Medical Research Council of Canada.
REFERENCES
usubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J.G .,
Smith, J. A., and Struhl, K. (1987). ‘‘Current Protocols in Molecular
Biology.’’ Wiley, New York.
engtsson, A., Blomberg, J., Nived, O., Pipkorn, R., Toth, L., and Sturfelt,
G. (1996). Selective antibody reactivity with peptides from human
endogenous retroviruses and nonviral poly(amino acids) in patients
with systemic lupus erythematosus. Arthritis Rheum. 39, 1654–1663.ianciolo, G. J. (1986). Antiinflammatory proteins associated with hu-
man and murine neoplasms. Biochim. Biophys. Acta 865, 69–82.
ianciolo, G. J., Copeland, T. D., Oroszlan, S., and Snyderman, R. (1985).
Inhibition of lymphocyte proliferation by a synthetic peptide homol-
ogous to retroviral envelope proteins. Science 230, 453–455.
ohen, M., Powers, M., O’Connell, C., and Kato, N. (1985). The nucle-
otide sequence of the env gene from the human provirus ERV3 and
isolation and characterization of an ERV3-specific cDNA. Virology
147, 449–458.
onrad, B., Weissmahr, R. N., Bo¨ni, J., Arcari, R., Schu¨pbach, J., and
Mach, B. (1997). A human endogenous retroviral superantigen as
candidate autoimmune gene in type I diabetes. Cell 90, 303–313.
e Parseval, N., and Heidmann, T. (1998). Physical knockout of the
envelope gene of the single-copy ERV-3 human endogenous retro-
virus in a fraction of the Caucasian population. J. Virol. 72, 3442–
3445.
aff, O., Murray, A. B., Schmidt, J., Leib-Mo¨sch, C., Erfle, V., and Hehl-
mann, R. (1992). Retrovirus-like particles from the human T47D cell
line are related to mouse mammary tumour virus and are of human
endogenous origin. J. Gen. Virol. 73, 1087–1097.
avor, J., and Morawetz, C. (1992). Insertional mutations in mammals
and mammalian cells. Mutat. Res. 284, 53–74.
ibbons, A. (1995). When it comes to evolution, humans are in the slow
class. Science 267, 1907–1908.
oodchild, N. L., Freeman, J. D., and Mager, D. L. (1995). Spliced
HERV-H endogenous retroviral sequences in human genomic DNA:
Evidence for amplification via retrotransposition. Virology 206, 164–
173.
oodchild, N. L., Wilkinson, D. A., and Mager, D. L. (1993). Recent
evolutionary expansion of a subfamily of RTVL-H human endogenous
retrovirus-like elements. Virology 196, 778–788.
irose, Y., Takamatsu, M., and Harada, F. (1993). Presence of env genes
in members of the RTVL-H family of human endogenous retrovirus-
like elements. Virology 192, 52–61.
enkins, N. A., and Copeland, N. G. (1985). High frequency germline
aquisition of ecotropic MuLV proviruses in SWR/J-RF/J hybrid mice
Cell 43, 811–819.
itamura, M., Maruyama, N., Shirasawa, T., Nagasawa, R., Watanabe,
K., Tateno, M., and Yoshiki, T. (1994). Expression of an endogenous
retroviral gene product in human placenta. Int. J. Cancer 58, 836–840.
leinerman, E. S., Lachman, L. B., Knowles, R. D., Snyderman, R., and
Cianciolo, G. J. (1987). A synthetic peptide homologous to the enve-
lope proteins of retroviruses inhibits monocyte-mediated killing by
inactivating interleukin 1. J. Immunol. 139, 2329–2337.
indeskog M., and Blomberg, J. (1997). Spliced human endogenous
retroviral HERV-H env transcripts in T-cell leukaemia cell lines and
normal leukocytes: Alternative splicing pattern of HERV-H tran-
scripts. J. Gen. Virol. 78, 2575–2585.
indeskog, M., Medstrand, P., and Blomberg, J. (1993). Sequence vari-
ation of human endogenous retrovirus ERV9-related elements in an
env region corresponding to an immunosuppressive peptide: Tran-
scription in normal and neoplastic cells. J. Virol. 67, 1122–1126.
indeskog, M., Medstrand, P., Cunningham, A. A., and Blomberg, J.
(1998). Co-amplification and dispersion of adjacent human endoge-
nous retroviral HERV-H and HERV-E elements; presence of spliced
hybrid transcripts in normal leukocytes. Virology 244, 219–229.
o¨wer, R., Boller, K., Hasenmeier, B., Korbmacher, C., Mu¨ller-Lantzsch,
N., Lo¨wer, J., and Kurth, R. (1993). Identification of human endoge-
nous retroviruses with complex mRNA expression and particle for-
mation. Proc. Natl. Acad. Sci. USA 90, 4480–4484.
o¨wer, R., To¨njes, R. R., Korbmacher, C., Kurth, R., and Lo¨wer, J. (1995).
Identification of a Rev-related protein by analysis of spliced tran-
scripts of the human endogenous retroviruses HTDV/HERV-K. J. Virol.
69, 141–149.
ager, D. L. (1989). Polyadenylation function and sequence variability
of the long terminal repeats of the human endogenous retrovirus-like
family RTVL-H. Virology 173, 591–599.
MM
M
M
N
O
P
R
R
S
S
S
S
S
T
T
T
T
T
U
V
V
W
W
W
450 LINDESKOG, MAGER, AND BLOMBERGager, D. L., and Freeman, J. D. (1987). Human endogenous retrovi-
ruslike genome with type C pol sequences and gag sequences
related to human T-cell lymphotrophic viruses. J. Virol. 61, 4060–4066.
ager, D. L., and Freeman, J. D. (1995). HERV-H endogenous retrovi-
ruses: Presence in the new world branch but amplification in the Old
World primate lineage. Virology 213, 395–404.
ayer, J., Meese, E., and Mueller-Lantzsch, N. (1998). Human endog-
enous retrovirus K homologous sequences and their coding capacity
in old world primates. J. Virol. 72, 1870–1875.
edstrand, P., and Mager, D. L. (1998). Human-specific integrations of
the HERV-K endogenous retrovirus family. J. Virol. 72, 9782–9787.
elson, M., Nelson, D. S., Cianciolo, G. J., and Snyderman, R. (1989).
Effects of CKS-17, a synthetic retroviral envelope peptide, on cell-
mediated immunity in vivo: Immunosuppression, immunogenicity
and relation to immunosuppressive tumor products. Cancer Immu-
nol. Immunother. 30, 113–118.
no, M., Yasunaga, T., Miyata, T., and Ushikubo, H. (1986). Nucleotide
sequence of human endogenous retrovirus genome related to the
mouse mammary tumor virus. J. Virol. 60, 589–598.
atience, C., Takeuchi, Y., Cosset, F.-L., and Weiss, R. A. (1998).
Packaging of endogenous retroviral sequences in retroviral vec-
tors produced by murine and human packaging cells. J. Virol. 72,
2671–2676.
abson, A. B., Steele, P. E., Garon, C. F., aNd Martin, M. A. (1983). mRNA
transcripts related to full-length endogenous retroviral DNA in hu-
man cells. Nature 306, 604–607.
uegg, C. L., Monell, C. R., and Strand, M. (1989). Identification, using
synthetic peptides, of the minimum amino acid sequence from the
retroviral transmembrane protein p15E required for inhibition of lym-
phoproliferation and its similarity to gp21 of human T-lymphotropic
virus types I and II. J. Virol. 63, 3250–3256.
auter, M., Schommer, S., Kremmer, E., Remberger, K., Do¨lken, G.,
Lemm, I., Buck, M., Best, B., Neumann-Haefelin, D., and Mueller-
Lantzsch, N. (1995). Human endogenous retrovirus K10: Expression
of Gag protein and detection of antibodies in patients with semino-
mas. J. Virol. 69, 414–421.
chulte, A. M., Lai, S., Kurtz, A., Czubayko, F., Riegel, A. T., and Wellstein,
A. (1996). Human trophoblast and choriocarcinoma expression of the
growth factor pleiotrophin attributable to germ-line insertion of an
endogenous retrovirus. Proc. Natl. Acad. Sci. USA 93, 14759–14764.
hih, A., Coutavas, E. E., and Rush, M. G. (1991). Evolutionary implica-
tions of primate endogenous retroviruses. Virology 182, 495–502.ibley, C. G., and Ahlquist, J. E. (1987). DNA hybridization evidence ofhominoid phylogeny: Results from an expanded data set. J. Mol. Evol.
26, 99–121.
impson, G. R., Patience, C., Lo¨wer, R., To¨njes, R. R., Moore, H. D. M.,
Weiss, R. A., and Boyd, M. T. (1996). Endogenous D-type (HERV-K)
related sequences are packaged into retroviral particles in the pla-
centa and possess open reading frames for reverse transcriptase.
Virology 222, 451–156.
amura, N., Iwase, A., Suzuki, K., Maruyama, N., and Kira, S. (1997).
Alveolar macrophages produce the Env protein of a human endog-
enous retovirus, HERV-E 4–1, in a subgroup of interstitial lung dis-
eases. Am. J. Respir. Cell Mol. Biol. 16, 429–437.
chenio, T., and Heidmann, T. (1991). Defective retroviruses can dis-
perse in the human genome by intracellular transposition. J. Virol. 65,
2113–2118.
chenio, T., and Heidmann, T. (1992). High-frequency intracellular trans-
position of a defective mammalian provirus detected by an in situ
colorimetric assay. J. Virol. 66, 1571–1578.
ing, C.-N., Rosenberg, M. P., Snow, C. M., Samuelson, L. C., and
Meisler, M. H. (1992). Endogenous retroviral sequences are required
for tissue-specific expression of a human salivary amylase gene.
Genes Dev. 6, 1457–1465.
o¨njes, R. R., Limbach, C., Lo¨wer, R., and Kurth, R. (1997). Expression of
human endogenous retrovirus type K envelope glycoprotein in insect
and mammalian cells. J. Virol. 71, 2747–2756.
rnovitz, H. B., and Murphy, W. H. (1996). Human endogenous retrovi-
ruses: nature, occurrence, and clinical implications in human dis-
ease. Clin. Microbiol. Rev. 9, 72–99.
enables, P. J. W., Brookes, S. M., Griffiths, D., Weiss, R. A., Boyd, M. T.
(1995). Abundance of an endogenous retroviral envelope protein in
placental trophoblasts suggests a biological function. Virology 211,
589–592.
illareal, L. P. (1997). On viruses, sex, and motherhood. J. Virol. 71,
859–865.
ilkinson, D. A., Freeman J. D., Goodchild, N. L., Kelleher, C. A., and
Mager, D. L. (1990). Autonomous expression of RTVL-H endogenous
retroviruslike elements in human cells. J. Virol. 64, 2157–2167.
ilkinson, D. A., Goodchild, N. L., Saxton, T. M., Wood, S., and Mager,
D. L. (1993). Evidence for a functional subclass of the RTVL-H family
of human endogenous retrovirus-like sequences. J. Virol. 67, 2981–
2989.
ilkinson, D. A., Mager, D. L., and Leong, J. -A. C. (1994). Endogenous
human retroviruses, In ‘‘The Retroviridae’’ (J. Levy, Ed.), Vol. 3, pp.
465–535. Plenum, NY.
